Mutations in the polymerase basic 2 (PB2) gene of avian influenza viruses are important signatures for their adaptation to mammalian hosts. Various adaptive mutations have been identified around the 627 and nuclear localization sequence (NLS) domains of PB2 protein, and these mutations contribute to the replicative ability of avian influenza viruses. However, few studies have focused on adaptive mutations in other regions of PB2. In this study, we investigated the functional roles of the D253N mutation in PB2 in an H9N2 virus. This mutation was found to affect an amino acid residue in the middle domain of the PB2 protein. The virus with the D253N mutation showed higher polymerase activity and transiently increased viral replication in human cells. However, the mutant did not show significant differences in viral replication in the respiratory tract of mice upon infection. Our results supported that the D253N mutation in the middle domain of PB2, similar to mutations at the 627 and NLS domains, specifically contributed to the replication of avian influenza viruses in human cells.
Introduction
Outbreaks of pathogenic avian influenza virus in humans are associated with high fatality rates and have become a serious public health issue. These viruses can be directly transmitted from avian species to humans and are associated with mortality rates of around 30%-50% among infected patients (Li and Cao 2017) . Most of these patients exhibit primary viral pneumonia, with some progressing to acute respiratory distress syndrome (Liem et al. 2009; Gao et al. 2013) . Although the pathogenic mechanisms of avian influenza viruses in human are still not clear, these viruses have been found to replicate efficiently in the lower respiratory tract, as supported by the results of clinical, in vitro, ex vivo, and in vivo studies (de Jong et al. 2006; Mok et al. 2013a, b; Chan et al. 2013; Zhou et al. 2013) . Moreover, hyperinduction of pro-inflammatory cytokines, which is a hallmark of the infection, is frequently found in patients or animals infected by mammalian-adapted avian influenza viruses (de Jong et al. 2006; Mok et al. 2013a, b; Zhou et al. 2013; Perrone et al. 2008) . Lung epithelial cells and macrophages have also been shown to play key roles in the pathogenesis of avian influenza viruses because they are both primary cell targets of these viruses and are the main sources of many pro-inflammatory cytokines upon infection (Cheung et al. 2002; Chan et al. 2005) .
Avian influenza viruses, such as H5N1, H7N9, and H9N2, have been frequently isolated from virus-infected patients. Genetic analyses have shown that specific mutations in the polymerase basic 2 (PB2) gene of these viruses are important signatures of their adaptation to mammalian hosts. Various studies have demonstrated that these mutations, which have mostly been identified around the 627 and nuclear localization sequence (NLS) domains of PB2 protein, contribute to the virulence of the viruses by increasing viral replication efficiency or overwhelming immune responses (Mok et al. 2009 (Mok et al. , 2013a Hatta et al. 2001 Hatta et al. , 2007 . In addition to two well-studied adaptive mutations, E627K and D701N, our previous study identified two mutations, D253N and Q591K, which occurred simultaneously in the PB2 gene of an H9N2 virus after serial passages in a mammalian Madin-Darby Canine Kidney (MDCK) cell line (Mok et al. 2011 ). Although we and others have shown that the Q591K mutation (also located in the 627 domain) in this virus contributes to pathogenesis in our in vitro and in vivo models, no systemic investigations have described the roles of the PB2 D253N mutation (located in the middle protein domain) (Hatta et al. 2007; Wang et al. 2016) .
Accordingly, in this study, we further investigated the role of the D253N mutation in PB2 in mammalian hosts when introduced into the H9N2 virus.
Materials and Methods

Cells
To obtain primary human macrophages, blood mononuclear cells from healthy donors (Hong Kong Red Cross Blood Transfusion Service) were separated by Ficoll-Paque centrifugation. Monocytes were purified by the adherence method and differentiated into macrophages as previously described (Mok et al. 2009; Wang et al. 2016) . Normal human bronchial epithelial (NHBE) cells were purchased from Lonza. The cells were seeded at 1 9 10 5 cells/well in 24-well plates and differentiated for 21 days with an airliquid interface, as previously described (Wang et al. 2016) . Human embryonic kidney 293T and MDCK cells were maintained in Eagle's minimal essential medium containing 10% fetal calf serum and antibiotics.
Polymerase Activity Assay
A single mutation at D253N was introduced into the PB2 plasmid of the A/Duck/Hong Kong/Y280/97 (H9N2/Y280) virus using a point mutation kit (Roche, USA). The PB2 plasmid was transferred into 293T cells monolayers together with PB1, PA, and NP plasmids of the H9N2/Y280 virus as well as the luciferase reporter plasmid (pluci) and the internal control plasmid (phRL-CMV). After 24 h of incubation, cell extracts were prepared in 500 lL lysis buffer. The luciferase levels were assayed with a Luciferase Assay System (Promega, Madison, WI, USA) and detected using a luminometer.
Generation of Recombinant Viruses
Eight plasmids containing the full genome of the H9N2/ Y280 virus were transfected into 293T cells using TransIT for 48 h. Supernatants were then inoculated into embryonic eggs for 48 h. The titer of the viruses was determined by plaque forming assays in MDCK cells.
In Vitro Experiments
Primary human macrophages or primary human bronchial epithelial cells were infected with H9N2/Y280 or the PB2 mutant at a multiplicity of infection (MOI) of 2 or 0.01 according to the indicated conditions. Total RNA or supernatants were collected at 3, 6, 24, 48, and 72 h postinfection. Evidence of viral replication from the supernatants of the infected cells was determined according to the tissue culture infectious dose 50 (TCID 50 ) in MDCK cells. Induction of cytokine mRNAs and proteins was determined by quantitative reverse transcription-polymerase chain reaction (PCR) and bead-based enzymelinked immunosorbent assay (ELISA; Biolegend), respectively.
Animal Experiments
Eight 6-to 8-week-old BALB/c mice per group were inoculated intranasally with recombinant H9N2 viruses with or without the D253N mutation in PB2. Lethality and weight loss in the infected mice were recorded for 14 days. In the next experiment, three mice per group infected by either the wild-type or mutant PB2 were sacrificed on days 3 and 6 after infection to compare cytokine induction and viral replication in the lungs. The brain, liver, and lungs were isolated and homogenized with 1 mL phosphatebuffered saline (PBS). The supernatant was collected after centrifugation, and the levels of cytokines and viral replication were determined by bead-based ELISA (Biolegend) and TCID 50 assays, respectively. Nasal wash was collected by inoculating 200 lL PBS into the noses of the mice.
This study protocol was carried out in strict accordance with the recommendations and approval of the Committee on the Use of Live Animals in Teaching and Research of the University of Hong Kong (approval no.: CULATR 2270-10). Humane endpoints for animal experiments and methods were undertaken to minimize potential pain and distress. All animals were euthanized using pentobarbital (200 mg/kg, intravenous injection) at the end of the experiments or once they were severely sick and showed more than one of the following signs (score [ 1, as one sign = 1): loss of weight more than 30%, respiratory signs, depression, diarrhea, cyanosis of the exposed skin, edema of the face and head, and neurological signs. No mice fulfilled the above criteria or were euthanized before the end of the experiment.
Quantitative Analysis of Cytokine Levels
Expression levels of tumor necrosis factor (TNF)-a, macrophage inflammatory protein (MIP)-1a, MIP-1b, monocyte chemotactic protein (MCP)-1, MCP-3, and interferonc-induced protein-10 (IP-10) from the samples were quantitatively determined by flow cytometry-based immunoassay (Biolegend). Twenty-five microliters of each sample was processed according to the manufacturer's protocol. The amounts of cytokines (pg/mL) in the samples were determined using a BD LSRII (BD Bioscience) and was calculated using the software provided by Biolegend.
Statistical Analysis
The statistical significance of differences between experimental groups was determined using unpaired, parametric Student's t tests. Differences with P values less than 0.05 were considered significant.
Results
The H9N2 Virus with the D253N Mutation in PB2 Showed Enhanced Polymerase Activity and Transiently Increased Viral Replication in Human Cells
Our previous studies showed that the amino acid substitution D253N in the PB2 gene of an avian influenza virus H9N2/G1 resulted in increased polymerase activity and Fig. 1 The polymerase activity and virus replication of H9N2/ Y280 is enhanced by the D253N mutant in PB2. 293T cells were transfected with plasmids containing H9N2/Y280 PB2, PB1, PA, and NP genes plus a control luciferase reporter plasmid and a viral untranslated region-driven luciferase reporter plasmid. Transfected cells were cultured at A 37°C and B 33°C for 24 h, and luciferase activity was assayed in cell extracts. Results are the averages of three experiments. The values were statistical analyzed by twotailed, paired t-tests. *P \ 0.05. Primary NHBE cells were infected at an MOI of 0.01 with H9N2/Y280 and the PB2 mutant. The viral titers were measured from the supernatants at 24, 48, and 72 h postinfection using TCID 50 assays. C 37°C, D 33°C. The data are shown as means of three independent experiments. *P \ 0.05.
transiently higher viral replication in human cells (Mok et al. 2011) . To determine whether these observations were strain-specific and occurred in one virus strain, we further examined the functions of this mutation in another virus, H9N2/Y280, which belongs to another representative lineage of the H9N2 subtype. We compared the activity of the polymerase complex between wild-type H9N2/Y280 (wt) virus and the mutant virus harboring the D253N substitution in PB2 in a minigenome reporter assay using human 293T cells. Compared with the polymerase activity of the wt H9N2/Y280, the D253N mutant PB2 showed higher polymerase activity at 37°C (temperature of the lower respiratory tract) but not at 33°C (temperature of the upper respiratory tract) in 293T cells (Fig. 1A, 1B) .
Initial infection and onward transmission of an influenza virus depends on efficient viral replication in the human Fig. 2 Induction of cytokine mRNA and protein in primary human macrophages does not enhanced by the PB2-D253N mutation of H9N2/Y280 virus. Primary human macrophages were infected at an MOI of 2 with the H9N2/Y280 virus or the PB2 variant. mRNA was collected at 0, 3, and 6 h postinfection. The gene copy numbers of (A) IFN-b, (B) TNF-a, and (C) IP-10 were analyzed by real-time PCR. The data are shown based on the results of a representative donor. Mock: uninfected cells. GAPDH was used as internal control. The supernatants were collected at 6 and 24 h postinfection. The protein levels of (D) TNF-a (6 h), (E) TNF-a (24 h), (F) IP-10 (6 h), and (G) IP-10 (24 h) were analyzed using an ELISA-based cytomix detection kit. Results are expressed as means ± standard deviations of three independent experiments. Mock: uninfected cells. respiratory tract. Primary NHBE cells were infected with H9N2/Y280 or the D253N mutant PB2 at an MOI of 0.01 and incubated at either 33°C or 37°C. Higher viral replication was found from the supernatant collected from cells infected with the PB2 mutant at 24 h postinfection but not at 48 or 72 h postinfection at 37°C compared with those infected by the wt control. No significant differences in viral replication were found between cells infected by the wt and mutant PB2 at 33°C (Fig. 1C, 1D ).
The D253N Mutant in PB2 Did Not Contribute to Cytokine Induction in Primary Human Macrophages
Human macrophages are a primary target of avian influenza virus. Secretion of pro-inflammatory cytokines has been shown to play a role in virus pathogenesis during the infection. Moreover, we previously showed that the single mutation of D253N in PB2 in the H9N2/G1 virus did not enhance cytokine induction in primary human monocytederived macrophages. To further confirm this phenomenon, we compared the level of cytokine induction in macrophages infected with the H9N2/Y280 virus or the D253N mutant. Total mRNA and culture supernatants of virusinfected primary human macrophages were collected and tested using quantitative PCR and ELISA. No significant differences in the mRNA and protein levels of interferon-b (IFN-b) , IP-10, and TNF-a were found between the wt H9N2/Y280 and PB2 mutant (Fig. 2) . Taken together, these findings demonstrated that the D253N mutation in PB2 did not contribute to the upregulation of pro-inflammatory cytokines in primary human macrophages.
The D253N Mutation in PB2 in the H9N2 Virus Did Not Contribute to Viral Replication in the Respiratory Tract of Mice
We next examined the pathogenicity of the D253N mutant in PB2 using an in vivo model of healthy female BALB/c mice (Fig. 3) . No mice died or showed virus dissemination to the brain and liver in both groups (data not shown). Mice infected with the wt H9N2/Y280 virus showed weight loss of approximately 10%-12% within 14 days postinfection. Additionally, mice infected with the D253N mutant showed slightly more weight loss than mice infected with wt virus on days 4-7 (18%-20%) (Fig. 3A) . However, mice infected with the D253N mutant in PB2 showed no significant differences in viral replication in nasal wash and lung homogenates compared with that in the wt control (Fig. 3B, 3C) .
We also compared the induction of pro-inflammatory cytokines in the lungs of mice infected with the wt H9N2/ Y280 virus and the D253N mutant. All wt and PB2 mutants produce higher level of cytokines than uninfected controls. However, mice infected with the PB2 mutant showed comparable levels of pro-inflammatory cytokines (IP-10, MCP-3, MCP-1, MIP-1a, MIP-1b, and TNF-a) in the lungs compared with those in wt controls ( Fig. 4A-4F ; P [ 0.05).
Discussion
In our previous study, we showed that the D253N mutation occurred together with the Q591K mutation in the PB2 gene (Mok et al. 2011) . We and others subsequently demonstrated that the Q591K mutation is an important factor determining the pathogeneses of different avian influenza viruses in Fig. 3 The PB2-D253N mutation of H9N2/Y280 virus causes more weight loss but not virus replication in mice. Female BALB/c mice were infected intranasally with 1 9 10 5 PFU of H9N2/Y280 or the D253N mutant in PB2. A The weights of the infected mice were expressed as the percentage change compared with the weight at day 0. Results from each time point are expressed as means ± standard deviations of eight mice. B The nasal wash and C lungs were harvested for viral titration at 3 and 6 days postinoculation. Lungs were homogenized in 1 mL PBS, and 200 lL PBS was used as a nasal wash. The results from each group are represented by the average titers of three mice. The viral titers were determined by calculating the TCID 50 in MDCK cells. Results from each time point were expressed as means ± standard deviations. *P \ 0.05. mammalian hosts (Wang et al. 2016; Yamada et al. 2010) . In this study, we showed that the D253N mutation in PB2 contributed to increased polymerase activity and viral replication in human cells at 37°C using another H9N2 lineage different from that in our previous studies. These results were consistent with the temperatures at which we identified this mutation in MDCK cells, suggesting that the D253N mutation may be responsible for adaptation of the virus at 37°C, i.e., the temperature of the lower respiratory tract. However, unlike the Q591K mutation, H9N2 virus with only the D253N mutation in PB2 did not showed enhanced viral replication or cytokine induction in mice, despite causing more weight loss on days 4-7 compared with that in the wt control. These results explained why we could not find the D253N mutation in human isolates because this mutation did not provide a long-lasting advantage for selection among all other mutations for mammalian adaptation, similar to the wt isotype.
Although the H9N2 virus with the D253N mutation in PB2 caused significantly more weight loss in the mice compared with the wt control, the viral loads and cytokine levels in the lungs were not correlated with differences in pathogenesis. We previously showed that the E627K and Q591K mutations in PB2 could increase the influx of neutrophils compared with the wt H9N2 virus (Wang et al. 2016) . Human neutrophils are the most abundant leukocytes in the body and rapidly respond to both bacterial and viral infections (Németh and Mócsai 2016; Parkos 2016) . However, excessive infiltration of neutrophils into the lungs is also correlated with lung inflammation and immunopathology, which causes pneumonia (De Filippo et al. 2014; Sugamata et al. 2012) . Whether the virus with the D253N mutation in PB2 attracts more neutrophils or other immune cells will need to be further investigated.
PB2 is a viral polymerase with 759 amino acid residues composed of an N-terminal domain, a middle domain, a cap-binding domain, a 627 domain, and an NLS domain (Lo et al. 2018) . Residue 253 is located in the middle domain, which has four intertwining helices spanning amino acid residues 251-316. The structural analysis showed that this residue is not in close contact with PB1 or PA but is involved in a global domain reorientation, suggesting that this domain serves as a bridge to link the N-terminal domain and other domains (Lo et al. 2018) . Our results further showed that the D253N mutation in this region enhanced the replication of the avian influenza virus through adaptation in mammalian cells. We did not show that changing the aspartic acid residue to asparagine would alter the structure of the middle domain. However, switching of the charge from negative (D) to neutral (N) may affect the interaction of PB2 with other components of ribonucleoprotein complex (RNP), which could increase viral transcription; additional studies are needed to support this hypothesis. Moreover, similar results were observed for two other H9N2 viruses: A/Quail/Hong Kong/ G1/97 (H9N2/G1) and A/Duck/Hong Kong/Y280/97 (H9N2/Y280), in which their genetic backgrounds were highly distinct, suggesting that this functional role was not strain specific (Mok et al. 2011) . Interestingly, another study showed that the T271A mutation in PB2, which is also located in the middle domain, enhances polymerase activity but not virulence in mice (Bussey et al. 2010) .
Taken together, our results supported that the D253N mutation in the middle domain of PB2, similar to mutations at the 627 and NLS domains, specifically contributed to the replication process of avian influenza viruses in human cells.
